Abstract-This paper introduces a new general methodology for the modeling and reliability evaluation of small isolated power systems, which include wind turbines, photovoltaics, and diesel generators, based on fluid stochastic Petri nets (FSPNs). The proposed methodology presents two major novelties in FSPN modeling, namely: 1) the introduction of a new kind of Petri net arc, called the database arc, which makes possible the direct import of real data in the simulation process; and 2) the selection of constant time intervals in FSPN modeling, instead of assuming continuous dynamics defined by the change of fluid level over time. Moreover, in order to construct the overall system model, this paper proposes a general framework for modular representation of the system under study following a number of well-defined steps. The obtained model is fully parameterized and compared to classical simulation methods, it provides to its user the additional advantage of graphical representation of system's components and attributes. Four scenarios, which describe power system's performance under different conditions, were implemented. For each one of the developed scenarios, nine reliability and performance indexes have been calculated and compared.
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I. INTRODUCTION
A SMALL isolated power system (SIPS) presents some unique characteristics that are related with its distance from the electrical grid and the small amount of load that it has to serve. Renewable energy sources (RES) are often present in geographically remote and demographically sparse areas, so they can be used as an energy source in SIPS. However, since renewable technologies depend on a resource that is not dispatchable [1] , they are used as a supplementary energy source working in parallel with dispatchable units, such as diesel generators (DGs), in order to save fuel. The primary choices of RES technologies in SIPS are usually wind turbines (WTs) and photovoltaics (PVs). The combination of WTs and PVs may improve their individual performance by attenuating the resulting fluctuations, increasing the overall energy output, and reducing furthermore fuel consumption.
For the reliability evaluation of SIPS, mainly deterministic techniques have been applied such as: 1) the loss of largest unit; 2) a fixed percent margin; or 3) a combination of the previous two methods. However, these techniques do not define consistently the true risk of the system, as they can lead to very divergent risks even for systems that are very similar. This characteristic makes the provided results unreliable in many cases. In addition, these techniques cannot be extended to include intermittent sources, such as wind and solar energy [2] . Besides the deterministic techniques, the other two basic approaches for reliability evaluation of power systems are the direct analytical methods and the Monte Carlo simulation. Most of the published work in SIPS that contain wind energy conversion systems is focused on the use of analytical methods [3] , [4] which, however, cannot recognize completely the chronological variation of wind and its effect in the operation of SIPS that contain WTs or PVs.
Petri nets (PNs) are a graphical and mathematical tool originally developed for the modeling and analysis of distributed systems and in particular for the notions of concurrence, nondeterminism, communication, and synchronization. One of the main advantages of PNs as a modeling tool is that they have very few, but powerful, primitives that make them relatively easy to apply. Extension of their use for dynamic systems modeling made necessary the introduction of time delays, leading to the definition of (deterministic) timed PNs and stochastic PNs [5] , which are useful for performance evaluation (manufacturing systems [6] , [7] , computer systems [8] , etc.). Moreover, the high complexities of such systems guided to abbreviations of the original graphical representation of PNs. Colored PNs (CPNs) [9] belong to this category, as with the use of colors, the modeling of complex systems with repeated structural parts can be significantly simplified, maintaining at the same time the discrete character of the tool. To enhance the application of PNs in the field of continuous systems, several extensions and variations were introduced, with most important hybrid PNs [10] , [11] and fluid stochastic Petri nets (FSPNs) [12] . These PN variations combine both continuous and discrete components and thus can describe hybrid systems, such as power systems. In this paper, the FSPN model has been selected, since it concentrates on the evolution of the stochastic process involved [13] . This makes it appropriate for power systems simulation, especially in the case that they include a large number of stochastic variables (e.g., SIPS containing RES technologies).
PNs combine the characteristics of simulation methods with the additional advantage of graphical representation. Moreover, PNs contain a complete collection of analysis tools which can be used for the detection of a number of structural properties that are useful for the behavioral and quantitative analysis of the system. Compared to classical simulation methods, PNs incorporate significant advantages such as absence of logical errors and deadlocks, impossibility of reaching catastrophic states, and inherent concurrence [14] .
Another attractive feature of PNs is that they can be used for hierarchical representation of complicated systems. Hierarchical methods refer to the reduction of a complicated problem in a number of simpler approximative subproblems which can be solved, and their solutions are appropriately combined to produce the overall problem solution. The main reasons that make the application of such an approach necessary are, namely: 1) the interactions between the systems components; 2) the extensive number of events taking place in a system of real complexity; and 3) the information exchange between them. Two families of hierarchical approaches are met in the bibliography: a) simplification of the implemented models by reducing the considered details; and b) synthesis techniques based on the use of modular subsystems. Modular-based techniques are further divided into two subcategories, namely: topdown synthesis and bottom-up synthesis. In the first case, a model is built, and through an iterative process, details are added to it, while in the second case, the overall system is decomposed into subsystems, the PN model of each subsystem is implemented, and synthesis techniques are used to construct the PN model of the overall system.
The features described earlier verify the suitability of PNs for the modeling of reliability and safety scenarios in engineering systems [15] . In power systems area, PNs have been used for reliability evaluation and fault diagnosis, mainly in transmission and distribution systems [16] - [18] . In power generation, PNs have been used in the analysis of grid-connected systems [19] , [20] , isolated systems [21] , as well as on the temperature control of a cogenerative plant [22] . However, the examined types of systems described contain only conventional energy sources, so modeling of RES technologies seems to be a new task. This paper proposes a reliability evaluation simulation model for SIPS based on FSPNs. The proposed methodology considers subsystem models that are structurally and functionally connected appropriately using common structural elements (common places or transitions). In addition, the methodology is of general use and makes possible the construction of the model and the calculation of its necessary parameters according to the given characteristics, following a number of well-defined steps. Moreover, instead of considering continuous dynamics defined by the change of fluid level over time as in the bibliography, a novel approach that assumes constant time intervals is adopted here, and the most important quantitative and qualitative characteristics of a system's operation are studied. The examined SIPS can contain one or more WTs, a PV array, and a DG, while the calculations are performed on an hourly basis, in order to take into account the variations of wind speed and load demand in SIPS performance. The load consumption is derived from an hourly load profile that is inserted in the proposed FSPN with the help of the database arcs that are introduced in this paper.
A major advantage of the proposed methodology is that the PN model is very flexible, since several of its variables are parameterized (can take alternative values). These variables include simulation duration, peak load, WT, PV and DG technical characteristics, as well as failure and maintenance durations. Another benefit arising from the use of the proposed methodology is that it can be treated in two ways, namely: as a typical simulation procedure, as well as a combination of graphical and mathematical representation of SIPS operation state. Thus, the proposed methodology can be used either by SIPS planners and designers for the evaluation of different system configurations, or by SIPS operators for the simulation of a system's operation and the examination of a system's performance under several operating states including extraordinary conditions. In order to investigate the flexibility and the capabilities of the proposed methodology, a base scenario has been considered that contains one WT, a PV array, and one DG. Then the results of the base scenario are compared with the results provided by the same FSPN under three different scenarios, namely: 1) adding a smaller WT in the system; 2) existence of lower wind potential; and 3) increasing DG capacity. The evaluation of each examined scenario is based on the calculation of five reliability and four performance indexes. This paper is organized as follows: Section II presents the basic reliability indexes and energy quantities that are used in the study of hybrid SIPS containing WTs and PVs. Section III contains a brief description of FSPNs. Section IV introduces the database arcs that are used so as to import more precise data in the simulation process modeled by the PN. Section V analyzes the structure of the proposed FSPN, and Section VI presents and discusses the obtained results. Section VII concludes the paper.
II. RELIABILITY AND PERFORMANCE INDEXES
The basic reliability indexes that can be obtained through the simulation of the considered SIPS are listed as follows [23] :
1) Loss of load probability (LOLP), which is defined as the probability that the load will exceed available generation. 2) Loss of load expectation (LOLE), i.e., the expected hours per year during which a system capacity shortage occurs. 3) Loss of energy expectation (LOEE), which represents the expected energy not supplied by the generating units per year.
4) Energy index of unreliability (EIU) that normalizes
LOEE by dividing it with the annual energy demand. 5) Frequency of interruptions (FOI), i.e., the expected number of times that loss of load occurs per year. The knowledge of the above five indexes leads to the estimation of numerous other reliability indexes [23] . In addition, the following four performance evaluation indexes are computed: 6) Wind energy production (WEP) from WTs expressed in kWh. 7) Surplus energy (SE), which expresses the amount of energy (in kWh) generated from WTs and PVs that was available but not utilized. 8) Capacity factor (CF) that expresses the actual energy output of WT for a year divided by the energy output if WT operated at its rated power output for the entire year. 9) Diesel generator energy production (DGEP), expressed in kWh.
III. FSPNS
The FSPNs used in this paper arise from the FSPN definition presented in [24] by adapting certain features according to the desired behaviors. An FSPN is defined as FSPN = {P, T, A, B, W, M 0 }, where P is the set of places partitioned into the subset of discrete places P d and the subset of continuous places P c , and T is the set of transitions partitioned into the subset of stochastically timed transitions T e and the subset of immediate transitions T i . The set A of arcs is partitioned into four subsets, namely: the subset A n of normal arcs, the subset A i of inhibitor arcs, the subset A t of test arcs, and the subset A db of database arcs. In a PN, transitions and places are connected through arcs interchangeably. A transition without an input place is called a source transition, while a transition without any output places is a sink transition. Function B describes the upper bound of tokens on each place. The weight function W refers to arc multiplicity weights and can be a constant number, a mathematical function, or a function of certain places' markings. Finally, the initial state of FSPN is denoted by M 0 .
In an FSPN, discrete places are drawn as simple circles and continuous places as double circles . The lower bound of each discrete place marking is zero, while continuous places can have a negative marking. The presence of a negative marking in a continuous place does not change the fundamental firing rule of PNs. Immediate transitions are represented as black bars , and timed transitions (either deterministic or stochastic) are represented as empty bars . In case of structural conflicts, priorities in the firing of the transitions can be defined. The default priority for a transition is one, while transitions with higher priorities are represented with the typical bar symbol, containing their priority index (e.g., ). Normal arcs are drawn as usual arcs ( ), inhibitor arcs are represented by arcs whose end is marked with a small circle ( ), while test arcs are represented by arcs with dotted lines (
). The use of these arc extensions increases significantly the modeling capabilities of a PN. If a place p and a transition t are connected with an inhibitor arc with weight w, t can only fire if the marking of p is less than w. On the contrary, if p and t are connected with a test arc with weight w, t can only fire if the marking of p is greater than or equal to w. After the firing process, the marking of p remains unchanged since no tokens are removed through inhibitor and test arcs. For complete information about enabled conditions and firing sequence in PN models that contain discrete and continuous nodes, the reader is referred to [25] .
In FSPNs the study of a hybrid system's continuous part is performed by assuming rates equal to arc weights that connect continuous places and timed transitions. The product of the arc's weight with the time duration of its related transition is equal to the fluid level change. However, in SIPS simulation models (such as HOMER [26] and HYBRID2 [27] ), constant time intervals-mainly hourly-are considered, and during them, the input and output variables of the system are supposed to be constant. The operation of the proposed FSPN follows this approach. Places are used to calculate the basic characteristics of SIPS operation. Continuous places are used for the calculation of variables taking as values real numbers, while discrete places are used for the calculation of variables taking as values positive integers, as well as for the control of transitions firings. In the whole PN model of Section V, there is only one deterministic timed transition with duration equal to the selected time interval. The remaining transitions are immediate, and the simulation exploits the structural PNs' properties of concurrence and parallelism to proceed. Arc weights are used for the calculations of studied characteristics, and quite often their value is a function of a place marking.
The use of continuous places as exclusive inputs to immediate transitions results in an event that keeps reoccurring with a probability equal to one. This function is depicted in Fig. 1(a) , where t 1 fires infinitely; in the first firing, t 1 removes the fluid from p 1 , and then it continues to fire with zero fluid. The symbol M P i related to certain arcs denotes that these arc weights are equal to the marking of place p i . The modeling of the same situation according to Fig. 1(b) solves the problem. Transition t 1 fires as many times as the number of tokens in p 2 . Moreover, the presence of p 2 gives to the PN user additional qualitative information related to the frequency that an event occurs, in parallel with the quantitative information that the continuous place provides. Fig. 2 presents a simple example that is equivalent with an IF statement. The presence of discrete place p 2 is essential for the firing of the transition that satisfies the true condition. For markings of p 1 less than five (that is the arc weight of the inhibitor arc), t 2 fires, while for markings of p 1 greater than or equal to five (that is the arc weight of the test arc), t 1 fires.
The definition of CPNs adds into the tuple of an ordinary PN the quantities Σ, C, and G. More specifically, Σ is a finite set of nonempty types, also called color sets, C is a color function that is defined from the set of places P to Σ, while G is a guard function that maps each transition into a Boolean expression where all variables have types that belong to Σ. For more information about the problem of introducing colors in fluid systems, the reader is referred to [28] . It should be noticed that in the developed simulation model, different colors are considered as a graphical abbreviation in parts of the PN that do not contain timed transitions. Therefore, the use of CPNs is equivalent with a DO loop in these parts.
IV. DEFINITION OF DATABASE ARCS
In a PN simulation, it is possible that some variables, represented by places, have to take specific values that either cannot be modeled in a PN environment, or their modeling will increase significantly the graphical complexity of the system. For example, in order to examine the performance of SIPS for a specific hourly load profile of a year (8760 values), large numbers of places and arcs must be added to the PN for obtaining the desired load value for each hour. The increase of structural complexity in a PN leads to significant problems such as state space explosion, increase of the overall computational complexity, and increase of the simulation running time. For the solution of such problems, the concept of database arcs is introduced in this paper.
A database arc is connecting an immediate or timed transition, which has only one input place, with a continuous or discrete place. The weight of a database arc can take values that are included in a given matrix and is symbolized with , where A is the name of the input matrix. A database arc is defined by its dimension number and its input place. The dimension number refers to the dimension of the input matrix A. For example, a column vector has a dimension equal to one; a 2-D matrix has a dimension equal to two, etc. The input place is always of discrete type, and it refers to the input place of the transition that is connected with the database arc. The marking of the input place shows the position of the element in A that is desirable to be imported in the considered analysis. If the dimension number is greater than one, the input place contains tokens of different colors. In that case, each color represents a different dimension of the input matrix. The correspondence between a specific color and the dimension number is common for all database arcs of the PN model.
Due to its discrete type, the input place of a database arc has a lower bound equal to zero and can enable its output transition if the marking is greater than zero. After the firing process, its marking becomes equal to zero, and the transition can fire again only if its input place is refilled. Moreover, an upper bound is associated with the input place of database arcs which depends on the number of elements of input matrix in each one of their dimensions. In case that the marking of the input place exceeds its upper bound, the transition is not firing. On the other hand, care must be also taken at the destination place of a database arc if this place has a finite capacity. Among the several strategies that have been proposed in the literature [29] , the clamping strategy is adopted here, which truncates the marking of the place to the specified capacity. 
The database arc that is depicted in Fig. 3 has dimension number equal to two, since matrix A is 2-D, while the input place p 1 contains tokens of two colors. For clarity reasons, the marking of p 1 that corresponds to the desired row of A is represented in black, and the marking of p 1 that corresponds to the desired column of A is represented in gray. Fig. 3(a) shows the state of the PN before the firing of t 1 , from which it can be observed that the requested element can be found in the second row and third column of A. Fig. 3(b) shows the state of the PN after the firing of t 1 , in which the place p 2 has a marking value of nine, since A(2, 3) = 9. After the firing of t 1 , the input place p 1 does not contain tokens in both colors.
Following this methodology, it is possible to retrieve the desired value of a matrix by putting the appropriate marking in the input place. For example, the PN model can be adjusted to export sequentially the elements of a row, a column, a diagonal, or to make a random selection. The use of database arcs can be very helpful in the following situations especially when the number of data is large: 1) when it is desirable to import data that have to take specific values in a given sequence (e.g., meteorological data, network and automotive systems traffic data, biology data, sensor data, etc); 2) when the data do not follow any typical probability distribution function.
V. WT/PV/ DG SIPS MODELING WITH FSPNS
This section describes the application of the proposed FSPN methodology for the modeling and hourly simulation of a SIPS that contains WTs, PV arrays, and DG. The developed model is taking into account the load demand, the wind speed variation, the WT power generation, the PV power generation based on radiation and temperature data, and the DG operation. Moreover, the evaluation of SIPS is achieved with the calculation of the reliability and performance indexes described in Section II. All the necessary simulations were implemented using Visual Object Net PN simulation package [30] .
The main steps of the proposed methodology are depicted in Fig. 4 . Following this process, the user constructs the overall FSPN model safely and effectively, independently of the complexity of the studied system. The overall system is divided into a finite number of fundamental subsystems according to the characteristics of the studied SIPS. The FSPN models of these subsystems are constructed, analyzed for their behavioral properties, and appropriately connected according to the considered topology and subsystems interaction in order to form the overall FSPN model. Then, the quantitative parameters are added to make it functional. The results obtained by the proposed FSPN are compared with the respective results of Monte Carlo simulation. By validating the FSPN model, it is ensured that it can be applied for the simulation of alternative scenarios.
The structure of the proposed FSPN, shown in Fig. 5 , can contain six fluid stochastic Petri subnet (FSPsN) models, namely: 1) the input layer FSPsN that contains time information and parameter values; 2) the load demand FSPsN that imports load data to the model; 3) the WT FSPsN that simulates the WT operation; 4) the PV FSPsN that simulates the PV operation; 5) the diesel generator FSPsN that simulates the DG operation; and 6) the output layer FSPsN that calculates reliability and performance indexes. The interactions between the six FSPsN are also depicted in Fig. 5 with the help of arcs that connect them.
The four intermediate modules (WT, PV, load, and DG) of the proposed FSPN of Fig. 5 calculate the supply and demand of energy. The load model imports load data with the use of database arcs. The WT model contains the simulation procedure of one or more WTs. In case of existence of two or more WTs, a CPN is used, and each WT is represented with a different color. The PV model imports temperature and solar radiation data via database arcs and calculates the output of the PV array. The diesel generator model simulates the operation and maintenance of the DG. The WT and PV models are used as input to the DG module (Fig. 5) , as the considered dispatch strategy presupposes the use of all wind energy produced and PV energy before DG serves the remaining load. Although the proposed PN simulates the entire year, with only a few modifications it can be used to examine the results for a specific period of the year (summer period, specific months or weeks, etc.).
A brief description for each one of the six FSPsN models of Fig. 5 follows. For simplicity, when there is a connection between FSPsN models, only their direct connected parts with the described FSPsN are depicted.
A. Input Layer FSPsN Model
For the flexible parameterization of the system, the input layer of the proposed FSPN of Fig. 5 contains all the values that can be modified by the user in order to evaluate the performance of SIPS under different conditions. The places that are used as parameters, their type [either continuous (Cont.) or discrete (Disc.)] and their initial values are presented in Table I . All these places are connected, with the help of test arcs, with the rest modules of the model (i.e., they remain unchanged during the whole simulation period), with the exception of places describing simulation time (p in1 , p in2 , and p in3 ). Moreover, the input layer consists of three transitions, namely: 1) the immediate transition t in1 , which is needed for the conversion of the simulation years (place p in1 ) to the remaining hours of a year (place p in2 ); 2) the timed transition t in2 , which represents the hourly time step of the simulation; and 3) the immediate transition t in3 , which is the input transition for all the places that their marking is calculated via database arcs. Finally, a discrete place named p in27 is also contained in order to ensure the proper firing of t in1 .
WTs are modeled using
where P WT is WT generated power, V is the wind speed, P R is the rated power of WT, V in is the cut-in speed, V R the rated speed, and V out the cutout speed. The coefficients a, b, and c of a WT are calculated by solving the following linear system of equations:
where 
B. Load Demand FSPsN Model
Load model was implemented using database arcs and is depicted in Fig. 6 . The imported data contain a vector named Load that consists of the 8760 values of hourly ac load expressed as a percentage of annual peak and comes from the IEEE-RTS [31] . Load is then calculated in p load3 by multiplying the resulted ratio, p load1 , with the annual peak demand, p in4 . Place p load5 sums the hourly load values; and thus, the annual load demand is estimated. The obtained value of p load5 at the end of a simulation year is used for the calculation of the energy index of unreliability (EIU). It has to be noticed that the IEEE-RTS annual load profile consists of 8736 values (364 days). In order to obtain 8760 hourly values, it is supposed that the load of the 365th day of the year is equal to the load of its previous week's same day (358th day of the year). 
C. WT FSPsN Model
In wind data analysis, the wind speed is assumed to follow a Weibull distribution which requires knowledge of two parameters, namely: the shape factor k W and the scale factor c W . For wind data, a realistic value for the shape factor is k W = 2, while an accurate approximation for the scale factor in a range of shape factors between 1.5 and 4 is given from [32] c W = 1.128 · V annual (5) where V annual is the mean annual wind speed. For each hour i of the year, the wind speed at hub height V i can be found by applying the inverse transform method in Weibull probability distribution [33] 
where rnd(0, 1) is the uniformly distributed random number generation function in the interval (0, 1). In the followed implementation, a value of 7 m/s for V annual at hub height has been assumed. Moreover, a forced outage rate of 4% for WT has been considered, with mean time to failure (MTTF) equal to 1920 h and mean time to repair (MTTR) equal to 80 h [2] . For both cases, the probability of time to failure (TTF) and time to repair (TTR) follows an exponential distribution, so both variables can be calculated using the inverse transform method [33] as follows:
T T R = − MT T R · ln (rnd(0, 1)) .
After the calculation of TTF and TTR, the obtained values are rounded down to the nearest integer. In the proposed FSPN simulation, the random number generation for a variety of probability distributions is implemented by the proper arc weighting, using functions of the inverse transform method. The concept of utilizing arcs whose flow rates follow a given probability distribution is introduced in [29] , in which the produced random variables were following general distributions.
The proposed FSPsN model is depicted in Fig. 7 . For reader's convenience, the specific subnet has been simplified by hiding some of its implementation issues in order to emphasize its behavior. Moreover, the nonunitary arc weights of the WT FSPsN are represented bold. These arc weights are presented in Table II. For each hour, the wind speed is calculated in p wind1 using (6) , and the obtained value is transferred to p wind3 and p wind4 . These places are used for finding the WT power curve section that corresponds to the calculated wind speed according to (2) in case that WT is not in repairing condition. More specifically, p wind3 and its output test arcs are used for the inspection of the lower bound of WT power curve section, while p wind4 and its output inhibitor arcs are used for the inspection of the upper bound of WT power curve section. Firing of t wind2 , t wind3 , t wind4 , or t wind5 denote WT power production according to (2a), (2b), (2c), or (2d), respectively. The produced WT energy on an hourly base is shown in p wind7 .
The inspection for the operating and repairing state of the WT is performed in the right part of the FSPsN in Fig. 7 . Places p wind9 and p wind14 show the TTF and TTR, respectively. This information is compared to the cumulative time of either operation or repair, which is computed in p wind10 or p wind15 , respectively. If the corresponding markings are equal, t wind8 or t wind13 fires and activates the opposite WT state (p wind13 or p wind8 ). In case that WT is in repair state, p wind5 is not activated; thus, there is no WT power production for the specific hour.
In case that the number of WTs is greater than one, different simulations for each WT have to be executed, even if all WTs are of the same type. This occurs because the variation of their corresponding failure and repair durations depends on the random number generation function [ (7) and (8)]. The different WTs can be represented by different colors in the FSPsN of Fig. 7 . More specifically, different colors will be used, namely: 1) in the part of the WT FSPsN that is included between transition t wind1 and place p wind7 ; and 2) in places p in7 − p in16 of the input layer FSPsN, which are related to the operational characteristics of the WTs.
D. PV FSPsN Model
In addition to the PV array, the PV FSPsN contains also an inverter, which converts dc electricity produced by the PV to ac electricity needed by the load. The output of the PV array P PV (in kW) is calculated from [34] 
where n inv is the inverter efficiency, f PV is the PV derating factor, P STC is the nominal PV array power in kW peak under standard test conditions (STC), G A is the global solar radiation incident on the PV array in kW/m 2 , G STC is the solar radiation under STC that is equal to 1 kW/m 2 , T c is the temperature of the PV cells, T STC is the STC temperature (25
• C), and C T is the PV temperature coefficient in /
• C. The PV derating factor is a scaling factor applied to the PV array output to account for losses, such as dust cover, aging, and unreliability of the PV array. T c can be estimated from the ambient temperature T a (in • C) and the global solar radiation on a horizontal plane G (in kW/m 2 ) using (10) [35] 
where NOCT is the normal operating cell temperature, which is usually obtaining the value of 48
• C. The considered PV FSPsN is shown in Fig. 8 , and its implementation requires the use of three database arcs. The first database arc imports hourly ambient temperature data in p pv2 from a vector named Temperature. The second database arc imports hourly global solar radiation data in p pv3 from a vector named Global. The third database arc imports hourly incident solar radiation data in p pv4 from a vector named Incident. All described input vectors contain 8760 hourly data values. The imported temperature values were taken from measured data in Athens, Greece, while the radiation data of Athens were generated from the HOMER software [26] .
The obtained PV FSPsN model is depicted in Fig. 8 . Initially, the value of T c is calculated in p pv6 using (10), and then this value is used to estimate P PV in p pv7 using (9) . Both transitions t pv1 and t pv2 that are used for these calculations are connected via test arcs with the appropriate places of the input layer FSPsN model.
E. Diesel Generator FSPsN Model
In the diesel generator FSPsN, an 18-kW diesel unit is modeled, which needs scheduled maintenance every 1000 h of operation. The duration of the maintenance follows uniform distribution in the hour interval [2, . . . , 24] . For each simulation hour, the studied SIPS is supposed to use all the available WT energy and PV energy to satisfy the load demand, while in the case that wind energy is not enough, the rest energy is supplied by the DG. Due to the expected large number of start-stop cycles of the diesel generator, a starting failure of 1% is included in the evaluation, while the repairing process follows the same distribution with the maintenance process. Fig. 9 presents a simplified version of the DG model in order to improve its visibility. The bold arcs have a weight different from one, and the description of their functions is presented in Table III .
The DG FSPsN of Fig. 9 consists of two basic parts. In the first part, which is located in the left side of the model, the case that the produced energy from WT and PV is greater than load demand is developed. This condition enables t dsl2 and two basic events occur, namely: the information that the DG was not operating at the specific hour increases by one the marking of p dsl18 , while the excess energy production is calculated in p dsl21 . In the opposite case, the DG has to produce the necessary amount of energy in order to avoid capacity shortage. There are however more conditions that have to be examined before the DG operates. First, the DG cannot operate if a DG repair progress already exists. In this circumstance, p dsl5 has one token, and t dsl4 is enabled, leading the system to have unmet load that is calculated at p dsl13 , while p dsl15 shows the cumulative unmet load [loss of energy expectation (LOEE)] for the simulation year. Second, the case that DG was not working during the previous hour has to be examined. In this case, p dsl18 will have token(s), and t dsl14 will be enabled, which leads to the inspection of starting failure. Otherwise, t dsl6 will fire, leading to normal operation of DG.
Even if the DG is working properly for the specific hour, an additional contingency related with the magnitude of required load compared with the DG capacity has to be examined. If the required load (e.g., load demand minus WT and PV power) is greater than DG maximum power, a capacity shortage that is calculated at p dsl10 will occur; otherwise, all load demand will be satisfied (place p dsl11 ). The normal operation of DG (firing of t dsl7 or t dsl8 ) adds one token at p dsl16 . If its marking becomes equal to the duration of DG scheduled maintenance, t dsl12 will be enabled, the duration of DG repair will be calculated at p dsl17 , and at the end of the process a token will be added at p dsl18 .
As mentioned earlier, enabling of t dsl14 leads to the examination of DG starting failure case. A random number is generated at p dsl19 and is compared with DG starting failure probability of p in26 . If the produced number is greater than the failure probability the DG is working normally (t dsl16 fires); otherwise, t dsl15 is enabled, and DG is in repair, while the procedures followed are identical to those concerning the DG maintenance procedure after the firing of t dsl12 , described in the previous paragraph.
When the firing sequence for each hour has been completed, a token is added to p dsl22 , irrespective of the preceding firing sequence. This ensures that the calculations in the DG model for the specific hour have been completed. Therefore, the role of p dsl22 is essential for the simulation running, as well as for the proper operation of the output layer FSPsN model at the end of a simulation year.
F. Output Layer FSPsN Model
The output layer FSPsN model calculates the remaining indexes that have not been evaluated in the WT FSPsN or in the DG FSPsN. Fig. 10 shows the part of the output layer model that estimates the annual value of the EIU index (place p out1 ), which is equal to the ratio of the annual LOEE and the annual load demand. Places p dsl15 and p load5 represent the annual values of LOEE and load, taken from the DG FSPsN and the load demand FSPsN, respectively. Transition t out1 can only be enabled if there are no remaining hours in the simulation year (i.e., p in2 has no tokens), and simultaneously, the calculations in the DG model for the specific hour have been completed (p dsl22 has a token). After estimating EIU, t out2 fires and adds 
VI. RESULTS

A. FSPN Model Validation
In order to validate the results of the proposed FSPN model, a base scenario that contains one WT with a 20-kW rated power, a PV array of 20 kW peak and one DG with an 18-kW rated power has been considered to supply electric load that has an annual peak of 25 kW. The results of the proposed FSPN model are compared with the results of a Monte Carlo simulation that was implemented in MATLAB. The Monte Carlo simulation estimates the required indexes by simulating the actual process and random behavior of the system [36] . The occurrence of events that follow specific probability distributions is achieved using random numbers and converting them into density functions known to represent the behavior of the variables being considered. The use of Monte Carlo simulation for the reliability evaluation of power systems has been proven to be very efficient and accurate, especially in the case when complex operating conditions are involved, and/or the number of severe events is relatively large [33] . The proposed FSPN methodology, apart from the ability to represent the evolution of the simulation procedure graphically, differs from the Monte Carlo simulation in the way that the random events are modeled: instead of using well-known programming algorithms, the adopted methodology proposes a completely novel way of modeling based on the PNs' specific features and properties.
To provide more reliable and accurate results for all the simulations, reliability and performance indexes are calculated for a simulation period of 500 years, and then they are averaged.
The initial values of all input parameters are presented in Table I . 
B. Examination of Alternative Scenarios
This section investigates the flexibility and capabilities of the proposed FSPN methodology. Although the number of alternatives to the base scenario of Section VI-A is unlimited, due to space limitations three additional scenarios are performed. Initially, the effect of adding a smaller WT of 10-kW rated power is examined. The second scenario investigates the effect of lower wind potential in comparison with the base scenario. The third scenario examines the improvements of installing a larger DG of 22-kW rated power. In all cases mentioned, the durations that are associated with fault or repair of a WT or a DG are considered to have the constant values that were presented in Table I . These scenarios contain a combination of three components in SIPS (one dispatchable DG, together with two nondispatchable power sources, i.e., WTs and PVs), so these scenarios represent realistic and complicated case studies for SIPS, as can be seen in the bibliography [2] , [37] - [40] . More specifically, [2] , [37] , and [38] study a SIPS that contains DG and WTs, [39] analyzes a SIPS that contains DG and PVs, while [40] studies a hybrid DG/WT/PV system.
The obtained results for all examined scenarios are summarized in Table V . The values of the base scenario are used as a benchmark for the additional scenarios.
In the first scenario, the addition of the second smaller WT has been implemented with the help of CPNs in the WT FSPsN and the input layer FSPsN. The input parameters that were changed in the newly added WT were places p in8 (P Rnew = 10 kW), p in12 (a new = 1.25), p in13 (b new = −0.87), and p in14 (c new = 0.15), while all other parameters remained unchanged. From the comparison of the results of the base scenario and the first scenario in Table V , it is concluded that the addition of the second smaller WT improves slightly the reliability indexes. The main improvement is the significant reduction of the DG energy produced (DGEP) index, which shows that the DG is working less; thus, it consumes lower amounts of fuel. Moreover, the surplus energy is increased, and it may require the exploitation of this unused amount of energy (e.g., with water-pump systems).
In the second scenario, the mean value of the annual wind speed at hub height V annual is reduced from 7 to 6 m/s, in order to seek system's performance. As can be seen from Table V , all indexes in the second scenario deteriorate significantly compared to those of the base scenario which proves the dependence of system's performance on the wind potential.
In the third scenario, the rated power of DG is increased to 22 kW. This configuration produces much better results regarding the reliability indexes, while the increase of DGEP is negligible. The explanation is that the larger power of DG in this scenario allows better management of SIPS energy production in the cases that the power of DG at the base scenario was not adequate to meet the load demand. This conclusion can be explained by the fact that the increase of DGEP is almost equal to the decrease of LOEE.
The obtained information through the earlier analysis can produce histograms for all nine indexes and all scenarios of Table V. However, due to space limitations, only the LOEE histogram for the base scenario is presented in Fig. 11 .
VII. CONCLUSION
The advantages of the proposed FSPN methodology in the reliability analysis of hybrid SIPS are significant. First, the proposed methodology have presented the benefits of classical simulation methods, while it has the additional characteristic of the graphical representation of the simulation procedure that provides a powerful communication medium between theoreticians and practitioners. As a result, it is represented in the same model the system's static structure, as well as its dynamically changing state.
Another major advantage of the proposed methodology is that a hierarchical PN method has been adopted for modeling of hybrid SIPS. In such a method, different levels of abstraction of the model are possible according to the needs of the person using the model, as some users need a very detailed view of specific parts of the model, while others need a more general and less detailed view of the overall system in order to study subsystems interaction. This allows the modeling of high complexity systems without the danger of having a very complicated model that is too difficult to represent and hard to understand. At the same time, the properties of the overall system can be obtained with respect to the properties of the subsystems that compose the overall system. This faces classical problems of PN modeling of complicated systems, such as state space explosion, and reduces significantly the computational complexity, while it can take advantage of modern methods, such as distributed simulation of systems. Moreover, the proposed methodology is of general use, as following a small number of well-defined steps, it can be adjusted to the specific needs, parameters, and characteristics of any system of this category independently of its topology and structural complexity. The calculation of a number of significant indexes makes possible the evaluation of alternative scenarios.
This paper also introduces a new type of PN arc called the database arc. This extension makes possible the use of real data in the simulation process, assuring the validity of the obtained results. From the presented analysis and discussion of the results, it has been shown that the proposed FSPN methodology is a very promising tool in reliability and performance evaluation of SIPS. Apart from the power systems area, which was considered in this paper, with rather few modifications and additions, the use of the proposed methodology may be further generalized to study systems from areas with similar characteristics with SIPS.
